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ABSTRACT 
This  i s  t h e  f i r s t  Annual Report  on t h e  s u b j e c t  program, cover ing  
t h e  per iod  of May 9, 1966 t o  May 9,  1967, w r i t t e n  i n  l i e u  of t h e  Four th  
Q u a r t e r l y  Report .  
The o b j e c t i v e  of t h e  program i s  exper imenta l  measurement of t h e  
rates of energy release i n  s o l i d  p r o p e l l a n t s  s u b j e c t e d  t o  s t r o n g  shock 
waves. The method s p e c i f i c a l l y  developed f o r  t h i s  s t u d y  c o n s i s t s  of i m -  
p a c t i n g  a p r o p e l l a n t  sample by a high-veloci ty  p r o j e c t i l e  f i r e d  from a gun 
i n  such a way t h a t  bo th  t h e  ampli tude and t h e  d u r a t i o n  of t h e  shock wave 
are known and c o n t r o l l a b l e  over  an a p p r e c i a b l e  range. 
h a s  been developed f o r  non-destruct ive c o l l e c t i o n  of t h e  sample a f t e r  t h e  
passage  of t h e  shock wave, and t h e  shocked p a r t l y  r e a c t e d  samples have been 
chemica l ly  analyzed f o r  t h e  e x t e n t  of  r e a c t i o n  which occurred under exposure 
t o  known shock waves. Problems a t t e n d i n g  t h e  g e n e r a t i o n  of c o n t r o l l e d  
shock waves and t h e  non-destruct ive recovery are d i s c u s s e d  i n  some d e t a i l  i n  
t h i s  Report ,  
A s u c c e s s f u l  method 
The materials s t u d i e d  so  f a r  by t h i s  method were pressed  samples 
of p u r e  g r a n u l a r  ammonium p e r c h l o r a t e  and pressed  mixtures  of ammonium per- 
c h l o r a t e / p o l y e t h y l e n e  powders. The upper l i m i t  of  shock ampli tudes s t u d i e d  
s o  f a r  i n  t h e  program h a s  been about 20 kbar.  The shock d u r a t i o n s  w e r e  i n  
t h e  range of about 10  t o  20psec. The q u a n t i t a t i v e  decomposition d a t a  on 
ammonium p e r c h l o r a t e  are c o n s i s t e n t  w i t h  a model u f  high-pressure s u r f a c e  
burning of i n d i v i d u a l  g r a i n s  i n  t h e  pressed  sample, i n  which only  a c e r t a i n  
f r a c t i o n  of t h e  t o t a l  g r a i n  area is i g n i t e d  by t h e  shock wave. 
This  program i s  sponsored by t h e  NASA Langley Research Center ,  
and i s  t e c h n i c a l l y  monitored by D r .  Andrew R. Saunders. A second year  of 
t h e  program is  i n  p r o g r e s s  now. 
i 
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I. INTRODUCTION 
A major gap in our understanding of the processes of initiation 
and propagation of explosions and detonations is caused by the lack of 
knowledge of reaction kinetics under appropriate conditions of very high 
pressure. 
in solving some of the most important problems in technology of propellants 
and explosives: transition from shock to detonation, transition from slow 
burning to detonation, explosion in rocket motors, and prediction of 
critical diameters for detonation, All of these demand the answer to one 
fundamental question: How rapidly does the fuel (propellant or explosive) 
react under a specified shock regime? No direct measurements of such rates 
are available, so that a common way of dealing theoretically with the 
problem has been the assumption of a homogeneous decomposition process 
based on low-pressure, usually subatmospheric, decomposition rate measure- 
ments. Such data, obtained under conditions enormously different from 
those prevailing under shock-loading, are essentially unsatisfactory. A 
somewhat more realistic approach, which applies to granular materials with 
known internal surface, is to estimate the rates of energy release on the 
basis of measured low-pressure surface-burning data extrapolated to high 
pressures in such a way that they are consistent with estimated detonation 
reaction times ( 1 , 2 , 3 ) .  However, even this approach involves a long ex- 
trapolation (from 100 to 10 or even lo5 atm) based on an Arrhenius-type 
equation in which the crucial value of surface temperature must be esti- 
mated. Furthermore, there is no reasonable way of estimating the very 
important effective surface burning area during the transient shock- 
initiation stage. Evidently, a direct measurement of rates of energy re- 
lease is becoming more and more desirable. 
The bridging of that gap is an essential prerequisite of progress 
4 
Two things are indispensable in any attempt at such measurements: 
generation of a shock wave of known duration and known (preferably but not 
necessarily uniform) pressure, and determination of the extent of chemical 
reaction which has taken place under such known shock-loading. The objec- 
tive of the program described herein is experimental measurement of the 
1 
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rates of energy release i n  s o l i d  p r o p e l l a n t s  s u b j e c t e d  t o  s t r o n g  shock waves. 
The upper l i m i t  of t h e  shock ampli tudes s t u d i e d  so f a r  i n  t h e  program h a s  
been about 20 kbar .  
The method s p e c i f i c a l l y  developed f o r  t h i s  s tudy  is  t o  impact a 
t a r g e t  assembly c o n t a i n i n g  t h e  p r o p e l l a n t  sample by a h igh-ve loc i ty  pro- 
j e c t i l e  f i r e d  from a gun. 
i n  two ways. F i r s t ,  t h e  des ign  of t h e  p r o j e c t i l e  and t h e  t a r g e t  i s  such 
t h a t  bo th  t h e  ampli tude and t h e  d u r a t i o n  of t h e  shock wave are known and 
c o n t r o l l a b l e  over  a n  a p p r e c i a b l e  range. Second, t h e  sample i s  recovered 
and analyzed a f t e r  t h e  test. The newly developed technique  r e q u i r e s :  
( a )  c l o s e l y  c o n t r o l l e d  geometry of t h e  test components; (b) a c c u r a t e  match- 
i n g  of shock-impedances of t h e  sample and i t s  surroundings;  ( c )  p r o v i s i o n  
f o r  non-des t ruc t ive  c o l l e c t i o n  of t h e  sample a f t e r  t h e  passage  of t h e  cal i -  
b r a t e d  shock wave; and (d)  q u a n t i t a t i v e  chemical a n a l y s i s  of t h e  shocked, 
p a r t l y  r e a c t e d  sample. 
This  method d i f f e r s  from t h e  previous  a t t e m p t s  
11. TAILORING OF THE WAVE SHAPE 
The impact of a r a p i d l y  t r a v e l l i n g  p r o j e c t i l e  upon t h e  s u r f a c e  of 
a t a r g e t  w i l l  cause  a s t r o n g  shock wave t o  be propagated through t h e  t a r g e t  
material. The pressure- t ime h i s t o r y  of any l a y e r  of t h e  t a r g e t  s u f f i c i e n t l y  
removed from t h e  boundaries  t o  be  undis turbed  by l a t e r a l  r a r e f a c t i o n s  w i l l  
be  determined by t he  l eng th  of t h e  projectile, by the v e l o c i t y  d i s t r i b u t i o n  
w i t h i n  t h e  p r o j e c t i l e  a t  t h e  t i m e  of and f o r  some t i m e  a f t e r  t h e  impact,  
and by t h e  shock-compress ib i l i t i es  of  bo th  t h e  p r o j e c t i l e  and t a r g e t  
materials.  An e s p e c i a l l y  s imple s i t u a t i o n  o b t a i n s  i f  t h e  mass v e l o c i t y  
d i s t r i b u t i o n  w i t h i n  t h e  p r o j e c t i l e  i s  uniform; t h i s  i s  t r u e  of a p r o j e c t i l e  
f i r e d  from a gun, as i n  t h e  present  program, i n  c o n t r a d i s t i n c t i o n  t o  ex- 
p l o s i v e l y  d r i v e n  p r o j e c t i l e s  which t rave l  i n  a p u l s a t i n g  fash ion .  I n  t h e  
s i m p l e  case of uniform m a s s  v e l o c i t y  d i s t r i b u t i o n ,  t h e  central p o r t i o n  of 
t h e  t a r g e t ,  f o r  which one-dimensional shock parameters  are  v a l i d ,  w i l l  be  
exposed t o  a "square wave" of cons tan t  ampli tude P determined by t h e  impact 
2 
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v e l o c i t y ,  and of d u r a t i o n  T determined by t h e  l e n g t h  of t h e  p r o j e c t i l e .  
Details  of such an impact a r e  given i n  Appendix A. 
An i d e a l i z e d  ske tch  of t he  wave-shaping experiment is  shown i n  
Both t h e  p r o j e c t i l e  and the  t a r g e t  are made of t h e  same material, Fig. 1. 
chosen t o  match c l o s e l y  t h e  shock-impedance of t h e  p r o p e l l a n t  sample ( s e e  
Sec t ion  111) ,  so  t h a t  t h e r e  i s  no s p a l l i n g  and v i r t u a l l y  no r e f l e c t i o n s  a t  
t h e  boundar ies  of t h e  sample  which could p e r t u r b  t h e  chemical k i n e t i c  
measurements w i t h i n  t h e  material. 
because r e c e n t  work i n  shock-test ing of exp los ive  materials has  revea led  
t h a t  boundary d i s c o n t i n u i t i e s  - whether they  cause  shocks o r  r a r e f a c t i o n s  - 
may have a pronounced e f f e c t  on the  r e a c t i v i t y  of t h e  sample ( 4 ) .  The sample 
w i l l  be exposed t o  an a c c u r a t e  square wave i f  t h e  geometry of t h e  test i s  
such t h a t  no l a t e r a l  r a r e f a c t i o n s  can r each  t h e  sample  u n t i l  t h e  rear- 
r a r e f a c t i o n  has  reached t h e  p r o j e c t i l e - t a r g e t  boundary. Assuming now t h a t  
bo th  compression and r a r e f a c t i o n  waves t r a v e l  a t  t h e  same v e l o c i t y  U which 
is  a f u n c t i o n  of p r e s s u r e  only,  and keeping i n  mind t h a t  t h e  d u r a t i o n  of 
2L t h e  shock wave i s  determined by the  l e n g t h  of t h e  p r o j e c t i l e ,  T = - u 9 one 
can immediately w r i t e  down the  geometr ical  requirements  f o r  gene ra t ion  of 
a squa re  wave i n  t h e  sample by impact of a p r o j e c t i l e  of diameter  D ( s e e  
Fig.  1): 
It is  q u i t e  important  t h a t  t h i s  be  so ,  
a 3 2L 
d = D - 2 a  
p _ < U ~ = 2 L l a  
b : L  
The l a s t  of t h e  fou r  requirements ,  b 2 L,  would apply only  i f  t h e  
downstream end of t h e  t a r g e t  were f r e e .  However, i f  t h i s  w e r e  so ,  t h e  t a r g e t ,  
a f t e r  being exposed t o  t h e  square wave, would t r a v e l  a t  high speeds and i n  
a v i o l e n t l y  p u l s a t i n g  f a sh ion ,  a h igh ly  undes i r ab le  f e a t u r e  which would no t  
on ly  p re sen t  d i f f i c u l t  d e c e l e r a t i o n  and recovery problems, bu t  i t  would a l s o  
s p o i l  t h e  experiment by sub jec t ing  t h e  sample t o  a sequence of t e n s i o n  and 
compression pu l ses .  
abso rbe r ,  aga in ,  has  t o  match the  impedance of t h e  t a r g e t  so t h a t  t h e  shock 
Hence t h e  need f o r  an energy absorber .  The energy 
3 
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wave passes  i n t o  i t  wi thout  d i s c o n t i n u i t i e s .  The c o r r e c t  s i z e  of t h e  abso rbe r  
then  a l lows  i t  t o  c a r r y  away the excess  k i n e t i c  energy, l e a v i n g  t h e  t a r g e t  
qu ie scen t  a f t e r  t h e  passage  of t h e  squa re  wave. 
and shock c o n d i t i o n s  downstream of t h e  t a r g e t  remained one-dimensional, an 
energy absorber  e x a c t l y  matching t h e  dimensions of t h e  p r o j e c t i l e  would be 
a p p r o p r i a t e  ( s e e  Appendix A). This i s  obvious ly  n o t  t r u e  even i n  t h e  
i d e a l i z e d  des ign  shown i n  Fig. 1. 
( s e v e r a l  d i ame te r s )  segmented abso rbe r s  g i v e  e x c e l l e n t  r e s u l t s :  a downstream 
l e n g t h  of t h e  system, depending on impact v e l o c i t y ,  then  f l i e s  o f f ,  l e a v i n g  
t h e  upstream p o r t i o n s  qu ie scen t .  
I f  t h e  impact were e l a s t i c  
However, w e  found e m p i r i c a l l y  t h a t  long 
I n  t h e  exper imenta l  work so f a r  ( s e e  Sec t ion  IV) no e f f o r t  has  been 
made t o  u s e  p r o j e c t i l e s  s u f f i c i e n t l y  s h o r t  t o  g i v e  s t r i c t l y  squa re  waves, 
i.e. L/D < 0.25. 
l o n g e r  shock d u r a t i o n s  T a t  t h e  expense of t h e  f l a t n e s s  of t h e  p r e s s u r e  wave, 
and t o  minimize t h e  e f f e c t  of l a t e r a l  r a r e f a c t i o n s  by massive confinement i n  
steel. 
mained f l a t  f o r  a t i m e  of a t  least a / U  = 4usec < T, whereupon t h e  p r e s s u r e  
decreased  t o  lower l e v e l s .  
Appendix B. 
t i o n s  T of e i t h e r  "12psec o r  -21psec. 
Rather ,  w e  chose t o  u s e  longe r  p r o j e c t i l e s ,  which give 
Thus i n  t h e  a c t u a l  experiments r epor t ed  below t h e  shock p r o f i l e  re- 
Es t imates  of t h e  p r e s s u r e  dec rease  are g iven  i n  
The q u a n t i t a t i v e  work so  f a r  w a s  done wi th  t o t a l  shock dura- 
While working wi th  s h o r t  p r o j e c t i l e s  may a l s o  e n t a i l  p r a c t i c a l  
b a l l i s t i c  problems, t h e  choice  not t o  use  them w a s  made p r i m a r i l y  because 
of t h e  n a t u r e  of t h e  chemical k i n e t i c  problem. We found e a r l y  i n  the pro- 
gram t h a t  t h e  extent of decomposition of p re s sed  g r a n u l a r  ammonium p e r c h l o r a t e  
induced by t h e  passage  of t h e  shock wave i n c r e a s e s  s t r o n g l y  w i t h  T, bu t  on ly  
weakly wi th  P,  so t h a t  ve ry  high impact v e l o c i t i e s  would be needed w i t h  
s h o r t  p r o j e c t i l e s .  Fo r tuna te ly ,  t h e  very  r eason  f o r  avoid ing  s h o r t  p ro jec-  
t i l e s  and thereby  caus ing  depa r tu re s  from squa re  wave shapes,  namely t h e  
s m a l l  pressure-dependence of decomposition ra tes ,  makes t h e  exper imenta l  
r e s u l t s  i n s e n s i t i v e  t o  p r e s s u r e  v a r i a t i o n s .  
4 
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111. SHOCK HUGONIOTS AND PRESSURE DETERMINATION 
The shock ampl i tudes  P were determined by t h e  f a m i l i a r  Hugoniot 
r e f l e c t i o n  method desc r ibed  b r i e f l y  i n  Appendix B. 
f o r  t h e  c o n s t r u c t i o n  of t h e  r equ i r ed  shock Hugoniots were t h o s e  of Coleburn 
(5) f o r  po lyv iny l idene  c h l o r i d e  (Saran) and t h e  ammonium p e r c h l o r a t e  d a t a  of 
Salzman e t  a l .  ( 3 ) .  
The numerical  d a t a  needed 
--
I n  t h e  e a r l y  p a r t  of t he  program Saran was used as t h e  material 
f o r  p r o j e c t i l e s ,  t a r g e t s ,  and energy abso rbe r s .  While t h i s  material w a s  
found t o  perform s a t i s f a c t o r i l y  at low impact v e l o c i t i e s ,  it shows i t s  l i m i -  
t a t i o n s  a t  h ighe r  v e l o c i t i e s :  i t  c racks ,  it c h a r s  e x t e n s i v e l y  (no doubt be- 
cause  of t h e  a i r  shock),  and t h e r e  i s  evidence  of a s l i g h t  r e a c t i o n  w i t h  
ammonium p e r c h l o r a t e .  Saran w a s  t h e r e f o r e  r ep laced  by i t s  isomer, po lyv iny l  
d i c h l o r i d e  (PVDC) which i s  much more  r e s i s t a n t  bo th  p h y s i c a l l y  and chemi- 
c a l l y .  
w i th  PVDC as t h e  impedance-matching material .  
A l l  of t h e  q u a n t i t a t i v e  da t a  r e p o r t e d  i n  Sec t ion  V I 1  were ob ta ined  
No exper imenta l  shock-compress ib i l i ty  d a t a  are a v a i l a b l e  f o r  PVDC. 
However, i t s  s t r u c t u r e  i s  very  similar t o  t h a t  of Saran, and t h e  d e n s i t y  of 
= 1.53 gm/cc, is  less than  5% lower t h e  material used i n  our experiments 
t han  t h a t  of Saran used i n  Coleburn's experiments (p = 1.60 gm/cc). There- 
f o r e ,  t o  c o n s t r u c t  t h e  shock Hugoniot of PVDC, w e  used t h e  s t r a i g h t  l i n e  f i t  
of exper imenta l  U vs .  u d a t a  f o r  Saran (Fig.  2)  and t h e  d e n s i t y  of PVDC. 
In view of the g r e a t  s i m i l a r i t y  of t h e  two materials t h e  PVDC Hugoniot so 
c o n s t r u c t e d  (Fig. 3 )  is  probably as  good as t h e  exper imenta l  Saran d a t a .  
' Po 
0 
-
The p r o p e l l a n t s  used so f a r  i n  t h i s  program were pressed  samples  
of pu re  ammonium p e r c h l o r a t e ,  of ammonium p e r c h l o r a t e  w i t h  an  i n e r t  a d d i t i v e  
(LiF) ,  and of g r a n u l a r  ammonium perchlorate/polyethylene mixtures .  Except 
f o r  a ve ry  few low-density s h o t s ,  a l l  of t h e  samples were pressed  t o  a rela- 
t i v e l y  h igh  d e n s i t y  of about 1 .7  gm/cc. 
materials w a s  t h e r e f o r e  cons t ruc t ed  on t h e  same b a s i s  as t h a t  of PVDC, 
namely from t h e  exper imenta l  Saran d a t a  c o r r e c t e d  f o r  t h e  d e n s i t y  d i f f e r e n c e  
(Fig. 3 ) .  
A common Hugoniot f o r  a l l  t h e s e  
Th i s  procedure in t roduces  an e r r o r ,  whose magnitude can b e  esti-  
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mated as  fol lows:  When t h e  same procedure i s  e x t r a p o l a t e d  a l l  t h e  way t o  
t h e  c r y s t a l  d e n s i t y  of ammonium p e r c h l o r a t e  (1.95 gm/cc), t h e  c a l c u l a t e d  
p r e s s u r e s  f a l l  12% below t h e  measured v a l u e s  of Ref. 3. 
l a t i o n  i s  n o t  n e a r l y  so l a r g e ,  and s i n c e  accord ing  t o  t h e  Hugoniot r e f l e c t i o n  
technique  t h e  boundary adjustment  p r e s s u r e  between PVDC and t h e  sample i s  
about  half-way between t h e  two r e s p e c t i v e  Hugoniots ( s e e  Appendix B), our  
p r e s s u r e  de te rmina t ions  f o r  high-densi ty  samples should be  a c c u r a t e  w i t h i n  
a few percent .  
c a l c u l a t e d  on t h i s  b a s i s ,  E. impact v e l o c i t y  i s  shown i n  F ig .  4 .  
Since  our extrapo-  
A p l o t  of  shock p r e s s u r e s  i n  t h e  sample of 1 .7  gm/cc d e n s i t y ,  
Estimates of Hugoniots f o r  low-density pressed  materials are  much 
less a c c u r a t e .  I n  o r d e r  t o  set  a lower l i m i t  t o  t h e  shock p r e s s u r e s  i n  
1.2 gm/cc ammonium p e r c h l o r a t e  samples, w e  used a "locked-solid" procedure 
( s e e  Ref. 6 ) ,  which assumes no r e s i s t a n c e  t o  compression up t o  t h e  c r y s t a l  
d e n s i t y ,  and t h e  exper imenta l  d a t a  (3) beyond t h a t .  The Hugoniot so  con- 
s t r u c t e d  i s  a l s o  shown i n  Fig.  3. 
I V .  EXPERIMENTAL ARRANGEMENT 
The gun w a s  a 30.5 mm c a l i b e r  smoothbore. The p r o j e c t i l e s  f i r e d  
so f a r  i n  t h e  program were r i g h t  c i r c u l a r  c y l i n d e r s  machined o u t  of a p l a s t i c  
(PVDC o r  Saran) ,  30.5 mm i n  diameter ,  and e i t h e r  18.3 o r  31.8 mm long. Two 
t o  f i v e  grams of a commercial gun powder were used t o  a t t a i n  p r o j e c t i l e  
v e l o c i t i e s  of 800-2500 f t / s e c .  
The main d i a g n o s t i c  p iece  of equipment w a s  a high-speed Beckman & 
Whitley camera. This  instrument  r e c o r d s  220 frames on s t a n d a r d  33 mm f i l m  
w i t h  minimum t i m e  of 28.6psec between frames, and minimum e f f e c t i v e  exposure 
t i m e  of 0.75psec p e r  frame. I l l u m i n a t i o n  a t  t h e s e  h igh  photographic  speeds 
w a s  provided by a s p e c i a l  Beckman & Whitley Xenon f l a s h  lamp, which e m i t s  
h i g h - i n t e n s i t y  l i g h t  f l a s h e s  of 2.7, 5.4, o r  10.8 msec d u r a t i o n .  The 
high-speed camera w i t h  d i f f u s e  backl ight ing  by t h e  Xenon f l a s h  proved v e r y  
s a t i s f a c t o r y  b o t h  f o r  observa t ion  of p r o j e c t i l e  o r i e n t a t i o n s  dur ing  f l i g h t ,  
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and f o r  p r o j e c t i l e  v e l o c i t y  measurements. 
t o  t h e  t a r g e t  w a s  18 cm. 
countered. 
The d i s t a n c e  from t h e  gun muzzle 
No tumbling o r  t i l t i n g  d i f f i c u l t i e s  were en- 
The t a r g e t  and t h e  energy abso rbe r ,  bo th  30.5 mm i n  d iameter  
(Fig. 5 ) ,  were made o u t  of t h e  same material  as t h e  p r o j e c t i l e .  
sample w e l l ,  machined i n  t h e  cen te r  of t h e  t a r g e t  f a c i n g  t h e  gun, w a s  6 .1  mm 
i n  d iameter  and 6.1 mm deep s o  t h a t  t h e  mass of t h e  sample a t  1.7 gm/cc p res sed  
d e n s i t y  w a s  about 0 . 3  gm. The e n t i r e  t a r g e t  assembly ( t a r g e t  w i th  cap  and 
energy abso rbe r )  w a s  r eces sed  i n t o  t h e  t a r g e t  ho lde r ,  s teel  o r  b r a s s ,  so t h a t  
bo th  t h e  t a r g e t  and t h e  p r o j e c t i l e  were conf ined  l a t e r a l l y  a t  t h e  i n s t a n t  of 
impact. 
l a r g e d  ( t o  31.0 mm d iame te r )  so t h a t  t h e  p r o j e c t i l e  could e n t e r  wi thout  con- 
t a c t i n g  t h e  metal f ace .  The inne r  d iameter  of t h e  h o l d e r  t hen  t ape red  down 
t o  t h e  gun (and t a r g e t )  d iameter  over a l e n g t h  of 24.4 mm, so  t h a t  t h e  a n g l e  
of t h e  t a p e r  was extremely s m a l l .  Measurement of t h e  p r o j e c t i l e  v e l o c i t i e s  
b e f o r e  and a f t e r  passage  through empty t a r g e t  ho lde r  showed t h a t  t h e r e  i s  
v i r t u a l l y  no d e c e l e r a t i o n  due t o  f r i c t i o n  i n  t h i s  geometry. 
The c y l i n d r i c a l  
The opening of t h e  t a r g e t  ho lde r  f a c i n g  t h e  gun w a s  s l i g h t l y  en- 
The g r a n u l a r  samples of pure  ammonium p e r c h l o r a t e  o r  ammonium per- 
c h l o r a t e  wi th  a d d i t i v e s  (see Sec t ion  VII )  w e r e  p re s sed  i n t o  t h e  sample w e l l  
a t  16,000 p s i .  
impact by t a r g e t  caps  3.2 mm th i ck .  The caps,made of t h e  same p la s t i c  as  
t h e  t a r g e t s ,  were f i r m l y  glued (see  Fig.  5). 
The p res sed  samples were p r o t e c t e d  from t h e  a i r  shock du r ing  
V. PRELIMINARY EXPERIMENTS 
A. Tes t ing  S e r i e s  Performed a t  Exotech, Inc.  
The f i r s t  series of tests w a s  done a t  t h e  Exotech, Inc.  f a c i l i t i e s  
a t  Rockv i l l e ,  Maryland. The o b j e c t i v e s  of t h i s  series were: ( a )  Study of 
mechanical behavior  of Saran and of p re s sed  samples under high-pressure shock 
c o n d i t i o n s .  I n  o r d e r  t o  d i s t i n g u i s h  mechanical damage due t o  shock from t h a t  
due t o  chemical energy r e l e a s e ,  we r a n  d u p l i c a t e  s h o t s  w i th  ammonium per -  
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c h l o r a t e  and potassium c h l o r i d e ,  an i n e r t  s a l t  of v i r t u a l l y  same c r y s t a l  
d e n s i t y .  (b) Study of decomposition of pressed  ammonium p e r c h l o r a t e  a t  
d i f f e r e n t  impact v e l o c i t i e s  and d i f f e r e n t  p r o j e c t i l e  des igns .  
This  e a r l y  work w a s  done b e f o r e  t h e  A t l a n t i c  Research Corpora t ion  
f a c i l i t y  ( s e e  Fig.  5 )  w a s  cons t ruc ted .  
d iameters  were 20 mm. 
w a s  evacuated t o  ca.  0.2 t o r r .  
w a s  23 f e e t .  
t h e  muzzle f l a s h  and impact on t h e  t a r g e t ,  determined wi th  a s i g n a l  from a 
s o l a r  c e l l ,  and a phonograph c a r t r i d g e  pickup r e s p e c t i v e l y .  Impact ve loc i -  
t ies  ranged from 1150 t o  1900 f t / s e c ,  corresponding t o  a p r e s s u r e  range i n  
Saran from 7.7 t o  13.8 kbar.  
The gun b a r r e l  and t h e  p r o j e c t i l e  
The gun range, i nc lud ing  t h e  b a r r e l  and t h e  t a r g e t ,  
The d i s t a n c e  from t h e  b a r r e l  t o  t h e  t a r g e t  
P r o j e c t i l e  v e l o c i t i e s  were measured by t i m e  i n t e r v a l s  between 
Saran w a s  used as t h e  p r o j e c t i l e  and t a r g e t  material i n  a l l  sho t s .  
It w a s  found t h a t  t h e  p r o j e c t i l e  length /d iameter  r a t i o  had t o  be 0.8 o r  
h ighe r  f o r  s t a b l e  f l i g h t  i n  vacuum. 
w a s  g e n e r a l l y  r ep roduc ib le  w i t h i n  about 2 mm s o  t h a t  a t a r g e t  diameter  of 
25 mm w a s  necessary.  Since t h e  sample w e l l ,  4 mm i n  diameter  and 8 mm deep, 
w a s  always i n  t h e  c e n t e r  of t h e  t a r g e t ,  t h e  h i t s  were g e n e r a l l y  somewhat 
o f f - cen te r .  
The p a t t e r n  of impact on t h e  t a r g e t  
Two d i f f e r e n t  p r o j e c t i l e  des igns  were used. I n  t h e  f i r s t  des ign ,  
t h e  L/D r a t i o  of t h e  p r o j e c t i l e  f ace  w a s  kept  a t  t h e  i d e a l  low va lue  of 0.2 
( i . e .  4 mm l e n g t h ) ,  bu t  f o r  b a l l i s t i c  purposes  t h e  p r o j e c t i l e  had a r a t h e r  
long t u b u l a r  ex tens ion .  This  des ign  c o r r e c t l y  e l i m i n a t e s  l a t e ra l  r a r e f a c -  
t i o n s  and t h u s  g e n e r a t e s  a good square wave of T 2.5usec. However, follow- 
i n g  t h e  passage of t h e  square  wave t h e  sample exper iences  a d d i t i o n a l  i r r e g u l a r  
p u l s e s  as p a r t s  of t h e  tubu la r  extension,whose mass u n f o r t u n a t e l y  i s  com- 
p a r a b l e  t o  t h a t  of t h e  p r o j e c t i l e  face, c o l l a p s e  onto  t h e  t a r g e t .  I n  t h e  
second des ign ,  t h e  p r o j e c t i l e s  were s o l i d  c y l i n d e r s ,  e i t h e r  1 4  mm o r  16  mm 
long .  I n  t h i s  geometry t h e  du ra t ion  of t h e  shock wave i s  w e l l  de f ined ,  bu t  
one must expect  t h a t  a f t e r  a f l a t  p r e s s u r e  p l a t e a u  of a f e w  microseconds,  
t h e  p r e s s u r e  w i l l  dec rease  because of l a t e r a l  r a r e f a c t i o n .  
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B. Pre l iminary  Experiments a t  A t l a n t i c  Research Corporat ion 
I n  t h i s  series of tests only  q u a l i t a t i v e  i n d i c a t i o n s  of r e a c t i o n  
i n  ammonium p e r c h l o r a t e  were poss ib le .  
i n  every  s h o t ,  because t h e  energy-absorbing technique  had n o t  y e t  been de- 
veloped. Thus no q u a n t i t a t i v e  chemical a n a l y s i s  w a s  p o s s i b l e .  
There w a s  mechanical l o s s  of sample 
Twenty-one s h o t s  were f i r e d ,  twelve w i t h  ammonium p e r c h l o r a t e  and 
n i n e  w i t h  potassium c h l o r i d e  as t e s t  samples. The r e s u l t s  of t h e  series 
i n d i c a t e d  t h a t  some ammonium p e r c h l o r a t e  w a s  decomposed a t  shock p r e s s u r e s  
somewhat below 10  kba r ,  and, fur thermore,  t h a t  t h e  r e a c t i o n  w a s  more pro- 
nounced w i t h  s o l i d  p r o j e c t i l e s  than w i t h  hollow ones. The series a l s o  
y i e l d e d  v e r y  v a l u a b l e  informat ion  toward t h e  d e s i g n  of  t h e  A t l a n t i c  Research 
Corporat ion gun f a c i l i t y  (need f o r  a c c u r a t e  h i t s  and hence d e s i r a b i l i t y  of 
a s h o r t e r  gun t o  t a r g e t  d i s t a n c e ,  des ign  of  energy-absorbers,  e t c . ) .  
Upon completion of t h e  A t l a n t i c  Research Corporat ion test f a c i l i t y ,  
more t h a n  40 p r e l i m i n a r y  s h o t s  i n  v a r i o u s  geometr ies  similar t o  t h a t  shown 
i n  Fig.  5 were f i r e d  w i t h  high-speed photographic  coverage. Dis tance  from 
gun t o  t a r g e t  w a s  18 cm. The primary o b j e c t i v e s  w e r e :  ( a )  Determination of  
t h e  r e q u i r e d  p r o j e c t i l e  L/D r a t i o .  (b) Determinat ion of t h e  p r o j e c t i l e  
v e l o c i t y  curve  E. gunpowder weight. 
under h igh-ve loc i ty  impact. 
a l l o w  q u a n t i t a t i v e  r e t r i eva l  of t he  shocked sample. The samples were 
pressed  powders of ammonium p e r c h l o r a t e  o r  i n e r t  potassium c h l o r i d e .  
( c )  Observat ion of behavior  of Saran 
(d)  Design of t h e  energy-absorber which would 
A l l  t h e  p r o j e c t i l e s  were s o l i d  c y l i n d e r s  30.5 mm i n  diameter .  It 
w a s  found t h a t  L/D r a t i o s  of  1.25, 0.8, 0.6, and 0.5 (no lower r a t i o s  were 
t r i e d )  gave s t r a i g h t  t r a j e c t o r i e s  without  tumbling o r  t i l t i n g .  
Saran w a s  found t o  perform w e l l  up t o  about 8 kbar.  Above t h a t  
p r e s s u r e  both  t h e  p r o j e c t i l e s  and t h e  t a r g e t s  cracked e x t e n s i v e l y ,  pro- 
j ec t i les  even s h a t t e r e d  o c c a s i o n a l l y ,  and t h e  p l a s t i c  a d j a c e n t  t o  ammonium 
p e r c h l o r a t e  w a s  s l i g h t l y  a t tacked  chemical ly .  
Q u a l i t a t i v e  r e s u l t s  confirmed t h e  f i n d i n g s  of t h e  ear l ier  work 
( S e c t i o n  V-A) t h a t  decomposition of ammonium p e r c h l o r a t e  begins  a t  shock 
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p r e s s u r e s  below 10 kbar. 
i n  pressed  g r a n u l a r  ammonium p e r c h l o r a t e  i n c r e a s e s  s t r o n g l y  w i t h  decreas ing  
p a r t i c l e  s i z e .  This  i s  c o n s i s t e n t  w i t h  t h e  surface-burning model (Sec t ion  
It was a l s o  found t h a t  t h e  e x t e n t  of decomposition 
V I I I )  . 
Three important  m o d i f i c a t i o n s  were adopted as t h e  r e s u l t  of t h e s e  
F i r s t ,  Saran w a s  replaced by t h e  much s t r o n g e r  and less reactive s t u d i e s .  
p o l y v i n y l  d i c h l o r i d e .  Second, t h e  t a r g e t  w a s  redesigned w i t h  t h e  f i r m l y  
glued cap t o  p r o t e c t  t h e  sample from t h e  a i r  shock and t o  prevent  mechanical 
l o s s  of t h e  sample. Third,  long segmented energy a b s o r b e r s  were adopted 
and found t o  b e  very  e f f e c t i v e  f o r  q u a n t i t a t i v e  recovery  of tes t  samples. 
I n  t h e  subsequent work, r e p o r t e d  i n  S e c t i o n s  V I  and V I I ,  54 s h o t s  y i e l d i n g  
q u a n t i t a t i v e  d a t a  were f i r e d  wi th  experimental  arrangement as shown i n  
Fig.  5. The sample recovery i n  t h e s e  l a t t e r  s h o t s  w a s  e x c e l l e n t .  The re- 
covered samples were analyzed chemical ly  by t h e  methods descr ibed  i n  
S e c t i o n  V I .  
V I .  ANALYSIS OF SHOCKED SAMPLES 
The samples were analyzed f o r  t h e  t o t a l  amount of ammonium per- 
c h l o r a t e  remaining a f t e r  exposure t o  t h e  shock wave by a volumetric-conducto- 
metric method ( 7 ) .  The t o t a l  recovered s o l i d  sample w a s  d i s s o l v e d  i n  a 
measured amount of d i s t i l l e d  water ( u s u a l l y  250cc). Aliquot  p o r t i o n s  
(1Occ) of t h e  s o l u t i o n  were t h e n  t i t r a t e d  w i t h  t e t r a p h e n y l  arsonium c h l o r i d e ,  
which p r e c i p i t a t e s  ammonium p e r c h l o r a t e ,  and t h e  c o n d u c t i v i t y  of t h e  solu-  
t i o n  w a s  measured dur ing  t i t r a t i o n .  The end p o i n t  of t h e  t i t r a t i o n  i s  shown 
by a d iscont inuous  i n c r e a s e  i n  t h e  c o n d u c t i v i t y  of t h e  s o l u t i o n .  The scatter 
of  exper imenta l  d a t a  by t h i s  technique amounted t o  maximum e r r o r s  of f. 0.8%. 
Lithium f l u o r i d e ,  a n  i n e r t  powder, w a s  admixed t o  some ammonium 
p e r c h l o r a t e  samples t o  v e r i f y  t h e  assumption t h a t  t h e r e  w a s  no mechanical 
l o s s  of t h e  powder dur ing  shock and recovery.  The q u a n t i t a t i v e  a n a l y s i s  of 
l i t h i u m  f l u o r i d e  w a s  made by measuring t h e  t o t a l  amount of l i t h i u m  i n  t h e  
sample by means of a flame photometer. The maximum e r r o r  i n  t h i s  determina- 
t i o n  was '1.5%. 
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V I I .  RESULTS 
Five  series of experiments were run,  a l l  w i t h  pressed  samples of 
g r a n u l a r  materials: ammonium p e r c h l o r a t e  (AP) w i t h  an average p a r t i c l e  d i -  
ameter of about 15p; po lye thylene  (PE), average  p a r t i c l e  diameter  about 1011; 
and l i t h i u m  f l u o r i d e  (LiF) ,  average p a r t i c l e  diameter  less than  lop. The 
s p e c i f i c  s u r f a c e  of AP samples, measured by t h e  BET a d s o r p t i o n  technique  
w i t h  n i t r o g e n  as adsorbant ,  w a s  3040 c m  /gm. The geometr ica l  s u r f a c e  of 
2 
s p h e r e s  of 15p diameter  w i t h  1.95 gm/cc d e n s i t y  is  2045 cm /gm. 
series of tests w e r e :  pure  AP a t  88 '4% of t h e  c r y s t a l  d e n s i t y ;  AP/LiF 
(95/5) mixtures  a t  88 '4% of t h e  c r y s t a l  d e n s i t y ;  AP/PE (97/3) a t  90.5 '2% 
of t h e  c r y s t a l  d e n s i t y ;  AP/PE (90/10) a t  96 '3% of t h e  c r y s t a l  d e n s i t y ;  and 
p u r e  AP a t  about  60% of t h e  c r y s t a l  d e n s i t y .  
2 
The f i v e  
A l l  of t h e  r e s u l t s  i n  t h e  fo l lowing  paragraphs are r e p o r t e d  i n  
terms of d i r e c t l y  measured d a t a ,  i.e., t h e  amount of AP l o s t  as a f u n c t i o n  
of impact v e l o c i t y .  Since,  i n  a l l  cases, t h e  impedance-matching material  
w a s  PVDC, t h e  corresponding shock p r e s s u r e  can be  read  d i r e c t l y  from t h e  
curve  i n  Fig.  4 f o r  a l l  s h o t s  except t h o s e  w i t h  low-density AP (Sec t ion  
V I I - E ) .  Two p r o j e c t i l e  l e n g t h s  were used, 18.3 mm and 31.8 mm. The 
corresponding d u r a t i o n s  T decrease  s l i g h t l y  w i t h  i n c r e a s i n g  impact v e l o c i -  
t ies ,  because of i n c r e a s i n g  va lues  of  shock v e l o c i t y  U. Since over  our  
exper imenta l  range  t h e  shock v e l o c i t i e s  are always about 3 mm/psec, t h e  
approximate v a l u e s  of T i n  a l l  experiments are 12 and 21psec r e s p e c t i v e l y .  
'rlore exact v a l u e s  f o r  each indtvidt ;a l  shc t  can easi ly  h e  r - i l r - i d a t e d  from 
exper imenta l  shock Hugoniot d a t a  (Fig.  2 ) .  
A. Pure Ammonium P e r c h l o r a t e  ( p -  21.7 pm/cc) 
U 
Eight  s h o t s  were f i r e d  a t  impact v e l o c i t i e s  ranging from 1250 t o  
2010 f t / s e c ,  corresponding t o  shock p r e s s u r e s  from 8.8 t o  15.4 kbar .  
weight- loss  d a t a  are p l o t t e d  i n  Fig. 6. 
shows two t h i n g s .  ( a )  Except f o r  one s h o t  o u t  of e i g h t ,  t h e  d a t a  are s e l f -  
c o n s i s t e n t  w e l l  w i t h i n  '1%. 
i n  s h o t s  w i t h  long  p r o j e c t i l e s  (T =2lpsec)  than  i n  s h o t s  w i t h  s h o r t  pro- 
j ec t i les  (T ~ 1 2 p s e c ) .  Indeed, i n  two of t h e  f o u r  long-durat ion s h o t s ,  a t  
The 
An i n s p e c t i o n  of t h e s e  r e s u l t s  
(b) The amount of AP r e a c t e d  i s  markedly h igher  
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l -  
1785 and 1920 f t / s e c  r e s p e c t i v e l y ,  gas  e v o l u t i o n  was s u f f i c i e n t  t o  shea r  
o f f  t h e  t a r g e t  cover ,  so  t h a t  most of t h e  sample w a s  l o s t  i n  bo th  t h e s e  
s h o t s .  
an  unknown, but  r e l a t i v e l y  l a r g e ,  amount of r e a c t i o n .  No r u p t u r e s  were ob- 
served  w i t h  s h o r t  p r o j e c t i l e s .  
This  t ype  of occur rence  i s  marked by a v e r t i c a l  arrow, i n d i c a t i n g  
B. Ammonium P e r c h l o r a t e  - Lithium F l u o r i d e  Mixtures ( p -  ~ 1 . 7  gm/cc) 
U 
To v e r i f y  t h a t  t h e  l o s s  of p e r c h l o r a t e  was n o t  p a r t l y  mechanical,  
16 s h o t s  were f i r e d  i n  which a non-reac t ive  powder w a s  added t o  t h e  sample.  
Impact v e l o c i t i e s  ranged from 810 t o  2290 f t / s e c ,  cor responding  t o  shock 
p r e s s u r e s  i n  t h e  sample of 5.3 - 18.1 kbar. Lithium f l u o r i d e  w a s  chosen 
because of i t s  s t a b i l i t y ,  and because i t  l e n d s  i t s e l f  t o  flame-photometric 
a n a l y s i s .  
Except f o r  a s m a l l  e f f e c t  of d i l u t i o n ,  t h e s e  samples should be 
expected t o  g i v e  t h e  same r e s u l t s  as pure  p e r c h l o r a t e .  This  e x p e c t a t i o n  
w a s  confirmed; t h e  d a t a  are p l o t t e d  i n  Fig. 6 a long  wi th  t h e  r e s u l t s  f o r  
pu re  p e r c h l o r a t e .  The on ly  d i f f e r e n c e  between t h e  two series is  t h a t  some 
samples w i t h  LiF showed s l i g h t l y  less l o s s ,  e s p e c i a l l y  w i t h  long p r o j e c t i l e s  
a t  h igh  impact v e l o c i t i e s .  I n  1 4  ou t  of 1 5  s h o t s ,  t h e  t a r g e t s  w i th  p a r t l y  
r e a c t e d  samples were recovered with no apparent  mechanical loss .  I n  one 
s h o t  t h e  g l u e  broke, t h e  cap loosened and t h e r e  w a s  mechanical l o s s .  The 
recovered  incomplete p o r t i o n  w a s  analyzed, and t h e  s i g n i f i c a n c e  of t h i s  
r e s u i t  i s  discussed below. 
The q u a n t i t a t i v e  a n a l y s i s  of l i t h i u m  f l u o r i d e  i n  recovered samples 
y i e l d e d  recovery  d a t a  ranging  from 98.6 t o  101.4%, i .e . ,  it gave complete 
r ecove ry  r e s u l t s  w i t h i n  t h e  exper imenta l  scat ter  of "1.5%. The same samples 
y i e l d e d  ammonium p e r c h l o r a t e  recovery  range  from 93.6 t o  99.7%, i n d i c a t i n g  
a p p r e c i a b l e  l o s s e s .  We conclude t h a t  t h e r e  w a s  no mechanical l o s s ,  except  
of cour se  i n  t h e  case of t h e  p a r t i a l l y  opened sample, where t h e  l o s s  w a s  
obvious.  
The e x t e n t  of r e a c t i o n  i n  AP, c a l c u l a t e d  on t h e  assumption t h a t  t h e  percen- 
t a g e  l o s s  of LiF equa l s  t h e  percentage  of t h e  mechanical l o s s  of t h e  t o t a l  
I n  t h i s  sample t h e  l o s s  of L i F  w a s  11.9%, and t h e  l o s s  of AP 18.6%. 
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sample, is 7.8%. 
lines up well with the rest of the comparable data. 
fore, appears promising for determination of quantitative data on the extent 
of reaction in ammonium perchlorate even in the cases where the total (solid) 
sample is not recovered. 
This datum is included in Fig. 6 (in parenthesis), and it 
This technique, there- 
C. Ammonium Perchlorate/Polyethylene (97/3)  Mixture (p ~ 1 . 7  gm/cc) 
A s  a step toward evaluation of composite propellants, pressed 
samples of ammonium perchlorate containing a little polyethylene powder were 
tested. Eleven shots were fired at 800-2350 ft/sec (5.2 - 18.4 kbar). Ten 
of these are plotted in Fig. 7. In one test the analysis for ammonium per- 
chlorate l o s s  gave an inordinately large value, about 18%, so  that it could 
not be included in the plot. 
and one with short, there was sufficient gas evolution to break off the 
target cap. 
In four tests, three with long projectiles 
Evidently, addition of the fuel increased substantially the re- 
activity of the samples. Also, a substantially larger extent of AP decom- 
position is again evident with longer shock-durations. 
D. Ammonium Perchlorate/Polyethylene (90/10) Mixtures (p-  21.7 gm/cc) " 
Sixteen shots were fired with AP/PE mixtures approximately stoi- 
chiometric to HC1, H 0, CO 
In one shot the glue broke, and the sample was lost. The other 15 samples 
were recovered and analyzed. The results are plotted in Fig. 8. 
and N2 at 1070 to 2320 ft/sec (7.5 to 18.3 kbar). 2 2' 
These samples were obviously relatively unreactive. We believe 
that this is so because of their relatively low porosity, on the average 
only 4 % .  
E. Low-Density Ammonium Perchlorate ( p - =  1.2 gm/cc) 
To check the effect of porosity, three lightly pressed pure AP 
U 
samples (ca. 40% porosity) were exposed to shocks of about 12psec duration. 
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These samples proved ve ry  s e n s i t i v e .  The t a r g e t  cap broke i n  two s h o t s ,  a t  
1630 and 1670 f t / s e c  r e s p e c t i v e l y ,  d e s p i t e  t h e  f a c t  t h a t  shock-pressures  i n  
t h e  samples must have been q u i t e  l o w  -- accord ing  t o  t h e  "locked-solid" 
Hugoniot as low as 4.5 kbar ( s e e  Sect ion III), a l though i n  r e a l i t y  probably 
somewhat h igher .  
l o s s ,  i n d i c a t i n g  l i t t l e  o r  no r eac t ion .  However, t h e  low-l imit  estimate of 
t h e  corresponding p r e s s u r e  i s  only  2.5 kbar.  
Analys is  of t h e  t h i r d  sho t  a t  1070 f t / s e c  y i e lded  0.7% 
VIII. DISCUSSION 
The above experimental  r e s u l t s  are c o n s i s t e n t  w i th  a model of high- 
p r e s s u r e  s u r f a c e  burning of i n d i v i d u a l  g r a i n s  i n  t h e  pressed  sample, i n  which 
only  a c e r t a i n  f r a c t i o n  of t h e  t o t a l  g r a i n  area i s  i g n i t e d .  
t hen  r e g r e s s e s  and t h e  flame s p r e a d s  a t  a r a t e  which i s  a func t ion  of shock 
p r e s s u r e  P,  dur ing  t h e  shock du ra t ion  T ,  whereupon t h e  r e a c t i o n  is  quenched 
by t h e  a r r i v a l  of t h e  r a r e f a c t i o n  wave. No homogeneous component t o  t h e  re- 
a c t i o n  rate need be  considered.  While no s p e c i f i c  d a t a  r e l a t i n g  t h e  shock 
tempera ture  t o  t h e  shock p r e s s u r e  i n s i d e  t h e  g r a i n  appear  t o  be  a v a i l a b l e  
f o r  ammonium p e r c h l o r a t e ,  gene ra l  cons ide ra t ions  i n d i c a t e  c l e a r l y  t h a t  t h i s  
tempera ture  must remain f a r  too  low f o r  any a p p r e c i a b l e  homogeneous r e a c t i o n .  
The g r a i n  s u r f a c e  
A ve ry  rough estimate i s  p o s s i b l e  of t h e  burning area involved i n  
our  experimental  work. According t o  a v a i l a b l e  publ ished informat ion  (ex- 
t r a p o l a t i o n  of low-pressure burning ra tes  c o n s i s t e n t  w i th  rough measurement 
of d e t o n a t i o n  r e a c t i o n  t i m e s ) ,  t h e  l i n e a r  burning rates f o r  ammonium per- 
c h l o r a t e  should b e  between 50 and 150 cm/sec a t  1 0  kbar  ( 1 , 2 , 3 ) .  A t  t h i s  
p r e s s u r e ,  our  experiments  w i th  high-densi ty  AP ('L1.7 gm/cc) show about 2% 
r e a c t i o n  i n  about  l0usec.  Assuming now t h a t  i g n i t i o n  i s  ins t an taneous ,  i f  
t h e  e n t i r e  geometr ica l  area w e r e  involved i n  d e f l a g r a t i o n ,  t h e  burning rate 
would have t o  be  on ly  about  0.5 cm/sec, i .e. ,  a t  least  two o r d e r s  of magni- 
t u d e  below t h e  expected va lue .  
c o n s i s t e n t  w i th  t h e  p i c t u r e  i n  which less than  1% of t h e  t o t a l  s u r f a c e  i s  
i g n i t e d  by t h e  i n c i d e n t  shock wave. 
of t h e  t h r e e  low-density s h o t s  (Sect ion VII-E) show t h a t  t h e  e f f e c t i v e  burn- 
i n g  area i n c r e a s e s  markedly wi th  inc reas ing  p o r o s i t y  of t h e  pressed sample. 
In o t h e r  words, our  high-densi ty  r e s u l t s  are 
According t o  t h e  same model, t h e  r e s u l t s  
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L e t  t h e  p r o j e c t i l e  i n  Fig. 1 t r a v e l  forward, i.e., from l e f t  t o  
r i g h t ,  a t  t h e  i n i t i a l  v e l o c i t y  u and l e t  t = 0 deno te  t h e  i n s t a n t  a t  which 
i t  c o n t a c t s  t h e  t a r g e t .  A t  t = 0 the  p r e s s u r e  a t  t h e  i n t e r f a c e  between t h e  
p r o j e c t i l e  and t h e  t a r g e t  rises d i scon t inuous ly  from p = 0 t o  p = P. 
t h e  t i m e  t = 0 on, a shock wave of ampli tude P travels forward i n t o  t h e  
t a r g e t  a t  v e l o c i t y  U and ano the r  shock wave of t h e  same ampli tude P t r a v e l s  
backward i n t o  t h e  p r o j e c t i l e  a t  v e l o c i t y  U - u r e l a t i v e  t o  an o u t s i d e  ob- 
s e r v e r ,  where U is  t h e  normal v e l o c i t y  i n  t h e  p r o j e c t i l e  of a shock of 
ampli tude P. The i n t e r f a c e  t r a v e l s  forward a t  v e l o c i t y  u < u . 
P’ 
From 
T’ 
P P  
P 
T P  
t h e  backward shock ‘I This  s i t u a t i o n  p e r s i s t s  u n t i l  a t  t = - = - 
UP 
reaches  t h e  rear end of t h e  p r o j e c t i l e .  A r a r e f a c t i o n  wave i n  which p r e s s u r e  
drops  from P t o  0 now t r a v e l s  forward i n t o  t h e  p r o j e c t i l e  a t  a v e l o c i t y  very  
n e a r l y  equal  t o  U Consequently,  t h e  v e l o c i t y  of t h e  r a r e f a c t i o n  wave 
re la t ive t o  an o u t s i d e  observer  i s  Up + uT, and t h e  p a r t i c l e  v e l o c i t y  behind 
t h e  r a r e f a c t i o n  wave i s  2 UT - u . 
L of t h e  p r o j e c t i l e  i n  another  t i m e  i n t e r v a l -  up = - 2 
p rocess  is  t h a t  t h e  i n t e r f a c e  i s  subjec ted  t o  a square  wave of ampli tude P 
and d u r a t i o n  T .  It i s  easy t o  s e e  t h a t  every o t h e r  v e r t i c a l  c ross -sec t ion  
of t h e  sample i n  Fig.  1 w i l l  be sub jec t  t o  t h e  same pressure- t ime regime 
provid ing  t h e  system i s  one-dimensional, i.e., provided t h a t  dur ing  t i m e  T 
t h e  sample i s  no t  a f f e c t e d  by l a t e r a l  r a r e f a c t i o n s .  
f o r  t h i s  cond i t ion ,  i .e.,  r equ i r ed  t o  main ta in  cons t an t  va lues  of P and T 
i n  t h e  sample, is  s p e c i f i e d  i n  Sec t ion  11. 
P’ 
The r a r e f a c t i o n  wave t r a v e r s e s  t h e  l e n g t h  
The n e t  r e s u l t  of t h i s  L T  
P 
The geometry necessary  
The phys ics  of impact i s  s i m p l i f i e d  i n  an important  way i n  t h e  
s p e c i a l  case of equa l  p r o j e c t i l e  and t a r g e t  impedances ( i . e . ,  t h e  same 
1 material f o r  bo th  p a r t s  of t h e  system). I n  t h a t  case U = UT U, uT= up 
( s e e  Appendix B ) ,  and t h e  p a r t i c l e  v e l o c i t y  behind t h e  r a r e f a c t i o n  wave i s  
2 UT- u = 0. 
k i n e t i c  energy t o  t h e  t a r g e t ,  remains s t a t i o n a r y  a f t e r  t h e  impact. Now i f  
t h e  t a r g e t  i s  backed by an energy-absorbing segment made of t h e  same material 
as t h e  p r o j e c t i l e  and t h e  target ,  t h e  shock wave w i l l  pass  i n t o  t h e  absorber  
P 
This  means t h a t  t he  p r o j e c t i l e ,  having t r a n s f e r r e d  a l l  of i t s  
P 
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without  d i s c o n t i n u i t i e s .  Furthermore, i f  t h e  absorber  exceeds a c r i t i c a l  
l eng th ,  i t  w i l l  t a k e  a l l  of k i n e t i c  energy,  l eav ing  a l s o  t h e  t a r g e t  s t a t i o n -  
a ry .  S ince  even i n  t h e  geometry shown i n  Fig. 1, where t h e  sample  i s  ex- 
posed t o  an a c c u r a t e  (one-dimensional) square  wave, t h e  e n t i r e  system is  
e v i d e n t l y  no t  one-dimensional, t h e  c a l c u l a t i o n  of t h e  c r i t i c a l  l e n g t h  of t h e  
energy absorber  would be a d i f f i c u l t  two-dimensional problem. I n  t h e  one- 
dimensional  problem, v a l i d  i n  t h e  l i m i t  of low impact v e l o c i t i e s  o r  of in -  
f i n i t e  l a t e ra l  confinement,  t h e  shock wave i s  propagated a t  t h e  cons t an t  
v e l o c i t y  U and t h e  a s s o c i a t e d  particle v e l o c i t y  u = - u a l l  t h e  way t o  t h e  
f a r  end of t h e  energy absorber ,  r e g a r d l e s s  of i t s  length .  A t  t h a t  end, t h e  
f r e e  s u r f a c e  v e l o c i t y  assumes t h e  va lue  2 uT = u . 
t r a v e l s  backward from t h e  f r e e  end, and it  meets t h e  forward t r a v e l l i n g  
1 
T 2 P  
A r a r e f a c t i o n  wave now 
P 
T 
r a r e f a c t i o n  a f t e r  a t i m e  - A segment of t h e  energy-absorbery t h e r e f o r e ,  
which a c q u i r e s  a permanent v e l o c i t y  (u ) i s  U x - = L, i.e., p r e c i s e l y  t h e  
l e n g t h  of t h e  p r o j e c t i l e ,  whi le  t h e  rest of t h e  system remains s t a t i o n a r y .  
T 
2 .  
P 2 
In t h e  experimental  work r epor t ed  i n  Sec t ions  IV and V an empi r i ca l  
approach w a s  t aken  toward t h e  design of an energy-absorbing system. It w a s  
found t h a t  long segmented absorbers  work w e l l  even a t  high impact v e l o c i t i e s .  
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The method f o r  c a l c u l a t i n g  t h e  p r e s s u r e  P and t h e  d u r a t i o n  T of 
t h e  shock wave i n  t h e  p r o p e l l a n t  is shown i n  Fig.  9. 
Assume f i r s t  t h a t  t h e  p r o j e c t i l e ,  t h e  t a r g e t ,  and t h e  p r o p e l l a n t  
L e t  sample a l l  have t h e  same shock-compressibi l i ty ,  d e s c r i b e d  by curve  A. 
t h e  v e l o c i t y  of impact b e  u . Since,  upon impact, two shock waves of 
v e l o c i t y  U re la t ive t h e  t h e  propagat ing medium t ravel  i n  o p p o s i t e  d i r e c t i o n s  
from t h e  i n t e r f a c e ,  t h e  p r e s s u r e  P a t  t h e  i n t e r f a c e  i s  d e f i n e d  by t h e  A 
i n t e r s e c t i o n  of A and i t s  mirror-image r e f l e c t i o n  A-. 
P 
Consider next  t h e  case i n  which t h e  shock-impedance of t h e  sample, 
g iven  by curve  B,  is  somewhat higher  t h a n  t h a t  of t h e  p r o j e c t i l e .  I n  t h i s  
case t h e  p a r t i c l e  v e l o c i t y  i n  t h e  sample, d e f i n e d  by t h e  i n t e r s e c t i o n  of 
B and A- i s  somewhat less t h a n  3 , and t h e  corresponding p r e s s u r e  P i s  
somewhat h igher  t h a n  P I f  on t h e  o t h e r  hand t h e  sample h a s  a lower shock 
impedance than  t h e  p r o j e c t i l e  (curve D ) ,  t h e  r e l a t ive  v a l u e s  of p r e s s u r e s  
and p a r t i c l e  v e l o c i t i e s  are reversed:  u - u and P < PA. These two 
cases correspond t o  t h e  two experimental  s i t u a t i o n s ,  w i t h  h i g h  and low 
d e n s i t y  pressed  samples r e s p e c t i v e l y  (see Fig.  3 ) .  
B 
A' 
1 
c 2 p' C 
F i n a l l y ,  c o n s i d e r  t h e  i n i t i a l  adjustment  c o n d i t i o n s  i n  t h e  c y l i n -  
d r i c a l  geometry a t  t h e  l a t e r a l  boundary between t h e  t a r g e t  and t h e  high- 
d e n s i t y  metal holder  ( s e e  Figs .  3 and 5).  The shock Hugoniot of t h e  metal 
is  shown as curve  ivi  i n  Fig.  9. Since a t  the instant of i q a c t  thsre is 20 
r a d i a l  component of v e l o c i t y  a t  t h e  ta rge t -meta l  boundary, 
t h e  problem convenient ly  by s h i f t i n g  t h e  metal Hugoniot by 
t h e  a b s c i s s a e  t o  p o s i t i o n  M ' .  Thus t h e  p r e s s u r e  P i n  t h e  
M impar t  t o  t h e  metal a n  i n i t i a l  r a d i a l  p a r t i c l e  v e l o c i t y  u 
M' r e s u l t i n g  p r e s s u r e  drop a t  t h e  i n t e r f a c e  t o  t h e  v a l u e  P 
A 
one can t reat  
!i~ on a n  amount 2 
target w i l l  - 
- ?k!. , w i t h  t h e  2 
For t h e  experi-  
mental p a i r  of materials, steel  and PVDC (Fig.  3 ) ,  t h e  p r e s s u r e  drop from 
P t o  P is  about  12% over  t h e  e n t i r e  range of impact v e l o c i t i e s .  It must 
b e  poin ted  o u t  t h a t  t h e  experimental  Hugoniot f o r  steel i n  Fig.  3 i s  drawn 
A M 
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from d a t a  taken  a t  very  h igh  p res su res ,  i . e . ,  i n  t h e  p l a s t i c  f low r e g i o n  (8). 
If t h e  p r e s s u r e  is  so  low t h a t  t he  metal s t i l l  e x h i b i t s  a p p r e c i a b l e  e l a s t i c  
s t r e n g t h ,  t h e  p r e s s u r e  drop P - P w i l l  b e  less. This  i s  probably t r u e  i n  
much of our  experimental  work. 
A M  
Thus i n  t h e  experimental  arrangement used so  f a r  i n  t h i s  program 
(Fig.  5 )  t h e  i n i t i a l  shock p res su re  P i n  t h e  sample  w i l l  be maintained over  
t h e  t i m e  i n t e r v a l  necessary  f o r  the  r a d i a l  r a r e f a c t i o n  wave t o  t r a v e l  from 
t h e  steel boundary t o  t h e  sample ,  about  4usec. 
drop t o  a lower v a l u e  because of r a d i a l  y i e l d  of t h e  s teel  ho lde r  (0.88P on 
t h e  assumption of pu re ly  p l a s t i c  y i e l d ) ,  and i t  may cont inue  t o  dec rease  if 
t h e r e  i s  cont inued two-dimensional c y l i n d r i c a l  flow. However, our  exper i -  
mental  r e s u l t s  (Sec t ion  VII) i n d i c a t e  t h a t  high shock p r e s s u r e s  must be 
maintained i n  t h e  sample  f o r  d u r a t i o n s  exceeding 1 2 p s e c ,  because amounts of 
chemical  r e a c t i o n  induced by 2 lusec  shock waves are always s u b s t a n t i a l l y  
l a r g e r  than  amounts induced by l2usec shocks. 
Thereupon, t h e  p r e s s u r e  w i l l  
18 
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